The study used DNA fingerprint typing (spoligotyping and Heminested-Inverse-PCR) of Mycobacterium tuberculosis from all culture-confirmed inner London patients over a 12-month period to describe transmission. The methodology was evaluated by comparison with standard IS6110 typing and by examining its ability to identify known household clusters of cases. Isolates sharing indistinguishable typing patterns using both techniques were defined as clustered. Clusters were investigated to identify epidemiological links. The methodology showed good discriminatory power and identified known household clusters of cases. Of 694 cultureconfirmed cases, 563 (81 %) were typed. Eleven (2 %) were due to laboratory crosscontamination and were excluded. Of the remaining 552 isolates 148 (27 %) were clustered. Multivariate analysis indicated that clustering was more common in those with pulmonary smear positive disease (P 0n02) ; those born in the United Kingdom (P 0n0003) and in patients living in south London (P l 0n02). There was also a trend towards clustering being more common in those not known to have HIV infection (P l 0n051). The results suggest that in inner London, recent local transmission makes an important contribution to notification rates.
INTRODUCTION
Between 1987 and 1997 tuberculosis notification rates in many parts of inner London more than doubled [1] and rates continue to increase. Although much of the rise is due to immigration from countries with a high * Author for correspondence.
prevalence of tuberculosis, local transmission of disease is also likely to play a role [1] . It has been noted that as well as rises in tuberculosis notification rates in non-white ethnic groups in London there has been an increase in notifications in white patients and in Indian Subcontinent ethnic group patients who were born in the United Kingdom [2] . Increases in these latter two groups suggest that transmission of tuberculosis may be an important problem. Control of tuberculosis in new entrants relies on measures such as screening and use of chemoprophylaxis [3] . Control of tuberculosis transmission relies on ensuring early diagnosis and effective treatment of cases so that they remain infectious for the minimum time possible [3] . Transmission of tuberculosis in hospital settings has also been a very important problem in some cities [4] . Estimates of the extent of transmission of tuberculosis and risk factors for transmission are therefore needed to identify aspects of tuberculosis control in London that should be strengthened.
Molecular typing (particularly IS6110 Restriction Fragment Length Polymorphism -RFLP) [5] has allowed strain differentiation of Mycobacterium tuberculosis enabling transmission patterns to be described. The high degree of heterogeneity means indistinguishable strains are likely to represent chains of recent transmission [5] . This property has been exploited in a number of studies of tuberculosis transmission in different settings [6] [7] [8] [9] [10] . However, the time required to culture sufficient M. tuberculosis for DNA extraction delays the public health benefits of molecular epidemiological techniques. In this study we report the results of a large scale study using PCRbased typing methods to investigate tuberculosis transmission in inner London.
PCR-based typing techniques have the advantage of requiring less DNA than conventional IS6110 typing. This obviates the need for prolonged culture prior to typing and potentially permits typing from primary specimens. Several PCR-based typing techniques have been described [11] [12] [13] [14] [15] [16] [17] [18] but most are not as discriminatory and reproducible as standard IS6110 typing [19] . Spoligotyping is a rapid technique which is less discriminatory than standard IS6110 typing in isolates with high copy numbers of IS6110, but more discriminatory in isolates with few copies [12] . Heminested Inverse PCR (HIPCR) typing [13] is a rapid method based on the IS6110 sequence. HIPCR is discriminating but is technically more demanding than spoligotyping, less amenable to electronic analysis and less reproducible [19] . These factors make it unsuitable for use as a primary typing technique but are of less importance when it is being used as a secondary typing technique (applying the technique to relatively small groups of isolates that have already been shown to be indistinguishable by the primary technique in an attempt to further distinguish between them). Combinations of typing techniques based on different genetic markers produce a high level of discrimination [12] . This study used spoligotyping and HIPCR to determine the role of PCR-based typing systems and to describe recent transmission of tuberculosis in inner London.
METHODS
The target population was all patients with cultureconfirmed M. tuberculosis living or treated in inner London during 1993. Isolates were obtained from the Public Health Laboratory Service Mycobacterium Reference Unit, or from the Royal Brompton Hospital, London. Since microbiology laboratories from London submit all tuberculosis isolates to one of these reference laboratories it was expected that an almost complete sample of culture confirmed tuberculosis cases would be obtained. Only one isolate was included for each case. All isolates were confirmed as M. tuberculosis by biochemical, microscopic and growth characteristics and by molecular DNA hybridization analysis (using Acuprobe, M. tuberculosis detection systems) [20] .
Spoligotyping (primary method) and HIPCR (secondary method) were used according to previously published methodology [12, 13] . Spoligotyping patterns were entered onto an Excel database and into Gelcompar\Version 4 (Applied Maths, Belgium). Groups of isolates (each group representing a cluster of isolates with indistinguishable spoligotyping patterns) were then subjected to secondary typing using HIPCR in order to distinguish further between them. Amplification products from secondary typing of each spoligotyping cluster were run on the same gel wherever possible. Isolates that were indistinguishable using both typing techniques were defined as clustered.
Cultures from 1993 were selected as epidemiological information on the notified cases available from the 1993 National Survey of Tuberculosis Notifications (one of a series of 5 yearly surveys that collected detailed epidemiological information on notifications) [21] . As the typing of isolates from 1993 was performed in 1996\7 many isolates were non-viable, preventing the acquistion of sufficient DNA subculture for standard IS6110 typing but offering an ideal opportunity to utilize and evaluate PCR-based methodology for population analysis of transmission. A preliminary analysis comparing the discrimination of typing using the PCR-based methods with standard IS6110 typing was conducted using 64 viable isolates to validate the techniques. The techniques were also validated by determining whether they identified clusters when patients were known to share the same address. The typing and clustering were performed blinded to patient details in order to avoid bias.
Data on the source laboratory and the specimen date were examined for all clustered isolates. Smear negative cultures which were clustered with smear positive cultures with the same specimen date from the same laboratory were defined as being due to laboratory cross contamination if there were no additional positive cultures from that patient and if record-review of the clinical course was consistent with the patient not having tuberculosis.
Baseline epidemiological information on all patients was derived from the 1993 National Survey of Tuberculosis Notifications [21] and from physicians when a minimum data-set was not available from the survey. HIV status was ascertained by matching an anonymised study database to the PHLS HIV and AIDS register using soundex codes and first initials. To establish links, clusters were investigated using information from the survey and where necessary from patient records.
Analysis
The percentage of cases estimated to be due to recent transmission was calculated assuming that each cluster contained one index case (total number of clustered cases-number of clusters\total number of cases) [9] . Univariate analyses were performed using χ# tests (SPSS Version 8). Forward and backward logistic regression (SPSS Version 8) were then used to identify factors to include in a model. This was done using ' missing ' categories for all variables in order not to lose data. Variables that made a contribution to the model were then forced into a logistic regression model using only those cases where data was complete for all these variables. This allowed identification of risk factors for clustering, calculation of adjusted odds ratios, 95 % confidence intervals and associated Likelihood Ratio Test P values.
RESULTS

Validation of the typing techniques
Of the 569 isolates available only 64 (11 %) were viable for culture and thus were typebable using standard IS6110 typing. Using the PCR based typing techniques we were able to type 562 (99 %) of these 569 isolates. Typing patterns from Standard IS6110 RFLP typing of the 64 viable cultures identified 55 isolates (86 %) that were unique. These 55 isolates were also identified as being unique using the combined typing method. Nine isolates fell into four clusters using IS6110 typing. Three of these clusters comprised pairs of isolates with multiple copies of IS6110 which were indistinguishable by all three techniques. One cluster included three patients with a single copy of IS6110. This cluster was split into three types by the combined method No clusters were identified by the combined method which had not been identified by IS6110 RFLP typing.
Amongst the 563 isolates typed there were 10 pairs of isolates from patients who were known to share the same address. Seven of these addresses (A-G) were normal residential houses, two were refugee hostels (H, I) and the other was a large block of council flats (J, the pair did not live in the same flat within this block). In five of the six residential households (A-E) the combined typing technique identified the pairs as sharing indistinguishable typing patterns. The typing patterns in four of these households (A-D) were not seen in any other isolates in the study. In one of these households (E) the typing pattern was seen in another five isolates. In the sixth household (F) the spoligotyping patterns from isolates from two sisters were indistinguishable but the HIPCR pattern in one was indistinct and appeared to differ by two bands from the other. In the seventh household (G, a husband and wife) both spoligotyping typing patterns and HIPCR patterns were markedly different. It was subsequently found that the husband did not have tuberculosis and that his isolate was due to laboratory cross-contamination (it was indistinguishable from a heavily smear positive isolate that was processed in the same laboratory on the same day). In the refugee hostels (H, I) and the large block of flats (J) spoligotyping patterns and HIPCR patterns were markedly different. These results are summarized in Table 1 .
Extent of clustering
There were 694 culture-confirmed cases of tuberculosis in inner London during the study period. Of these, 82 % (568 isolates) were available for typing. Typing results were obtained for 563 patients (81 % of the target population). 11 isolates (2 %) met the definition for laboratory cross-contamination and were Table 2 ). The extent of recent transmission was therefore estimated as 147-42\552 l 19 %. Table 3 shows the features of the study population, the percentage of clustered isolates in different risk groups and unadjusted odds ratios, 95 % confidence intervals and P values. In this analysis clustering was associated with having pulmonary disease (especially if smear positive, P l 0n003), living in South London (P l 0n008), being white (P l 0n004), being born in the United Kingdom (P 0n0005), being unemployed (P l 0n017), being classified as alcoholic (P l 0n023) and being HIV negative (P l 0n023).
Risk factors for clustering
In both forwards and backwards stepwise logistic regression age, birth in the United Kingdom, HIV, unemployment, area of residence in London and site of disease were shown to contribute to the model. Table 4 shows the final logistic regression model using the 354 patients for whom all these data items were complete. All variables in the model are controlled for each other. In this analysis clustering was most strongly related to birth in the United Kingdom (P l 0n0003), having pulmonary smear positive disease (P l 0n02), and living in South London (P l 0n02). Clustering appeared to be less common in those known to be infected with HIV, however this result was not statistically significant (P l 0n051).
Epidemiological links in clustered cases
Since this was a retrospective study, epidemiological investigation of clusters was restricted to information derived from patient records. For 46 % of clustered isolates there were no obvious features suggesting contact. Fifty-four percent (75) of the 147 patients in clusters had features (e.g. living within a two mile radius, same employment or homelessness) which may have made contact with others in their cluster more likely (including ten patients with known household contact) ; 71 % of clusters (30\42) involved multiple ethnic groups.
Suspected incidents of hospital transmission were identified at two hospitals. Each incident involved two patients. In both incidents HIV infected patients appeared to have acquired tuberculosis from patients who were treated at the same hospitals. In one of the incidents the organism was resistant to isoniazid.
The largest cluster of 15 patients included 3 homeless men and a man living near a homeless shelter. In a cluster of 12 patients the apparent source (with the earliest specimen date) was a homeless alcoholic man with heavily smear-positive fully sensitive pulmonary disease who remained smear and culture positive for at least 3 months after treatment was started. The hospital where he was treated had no community tuberculosis services. Members of the cluster included another homeless man, a psychiatrically ill man, and another alcoholic man known to have remained smear and culture positive for at least 2 months. The cluster also included several patients who would not usually be expected to have prolonged contact with the homeless (e.g. office workers, a public utility worker and students). In a cluster of 7 patients the apparent index case was a homeless man and in a cluster of 6 patients 2 of the early cases were homeless.
DISCUSSION
This study suggests that approximately 19 % of tuberculosis in inner London in 1993 was due to recent local transmission rather than reactivation of old infection or importation from elsewhere. This shows that recent local transmission makes an important contribution to levels of tuberculosis in the city. The 19 % figure is higher than the traditionally assumed 10 % of cases due to recent transmission in developed countries [7] but lower than has been observed in San Francisco [9] and New York [10] (31 % and 26-27 % respectively).
A number of factors that may have biased the overall estimate of clustering need to be considered [22] . These include the typing techniques used to define clustering, the completeness of the study sample and the duration of the study.
The underlying assumption in tuberculosis typing studies is that isolates sharing the same typing patterns are part of a recent chain of transmission. Conversely, isolates with unique patterns are assumed to be either due to re-activation of infection acquired in the past or due to recent transmission from a patient outside the study sample. In order for these assumptions to be supported the typing techniques must be able to discriminate reliably between very many different isolates but also be sufficiently stable not to change when tuberculosis is transmitted from patient to patient. No typing system is perfect as there is always a trade-off between discriminatory power and the stability of the patterns.
IS6110 combined with a secondary technique such as PGRS or DR typing is currently the accepted ' gold standard ' [19] . Although small studies employing PCR-based techniques have been described we wished to determine the role of these techniques in a complete population (inner London) for which cultures were available although non-viable. Our study was retro-spective and used archived material. We combined spoligotyping which provides a relatively stable but less discriminatory fingerprint [12] with HIPCR typing which is more discriminating but less stable and reproducible than standard IS6110 [13] . By combining these two PCR-based techniques (which are based on different genetic markers) we expected to achieve a high degree of discrimination. Although HIPCR typing has been criticized due to its limited reproducibility (producing different results on the same isolates when used in different laboratories or at different times) [19] , we limited the effect of this by using it as secondary typing technique. Relatively small groups of isolates (that were indistinguishable using spoligotyping) were typed using HIPCR at the same time, in the same laboratory and with the resulting amplification products run on the same gel.
The PCR based techniques were able to produce typing results on 99 % of isolates even though only 11 % of these were viable for subculture. The success of this approach is supported by the results of the comparison with standard IS6110 typing in 64 isolates and by the ability of the techniques to identify household clusters. Comparison with IS6110 demonstrated a similar level of discrimination as might be expected in studies that use IS6110 with secondary typing for isolates with low IS6110 copy numbers. However, this analysis is based on small numbers and from what we know of the discriminatory ability of spoligotyping [13] and HIPCR [19] it is likely that the estimate of clustering produced is somewhat higher than that which would have been produced by ISS110 combined with a discriminatory secondary typing technique. Fourteen of the 553 patients in the study sample were known to have had household contact. The typing (which was performed blind to patient details) successfully ' picked out ' 10 of these (five pairs). In one pair sisters had different HIPCR results, suggesting limitations to HIPCR typing or that there had been no transmission between the sisters. The technique also showed that in an apparent household cluster of tuberculosis in a husband and wife pair only the wife really had tuberculosis and the husband's positive isolate was due to previously unsuspected laboratory cross-contamination. The husband's sample had been submitted to the laboratory because he had a cough identified during contact tracing. Although he had no other tuberculosis symptoms, he was treated for tuberculosis. Thus although the results are not directly comparable to results produced by IS6110 we believe that they are sufficiently robust to allow inferences to be made about the transmission of tuberculosis.
We typed 81 % of all the culture-confirmed cases from inner London in 1993. However, because only 68 % of notified patients in inner London were cultureconfirmed this represented only 56 % of all notifications. Although it is known that estimates of clustering are likely to increase as the completeness of the sample increases [23] , the effect of excluding a large number of patients who were not cultureconfirmed and were thus probably not infectious is difficult to predict. The study was confined to inner London. Notification rates are lower in outer London than in inner London (23n2 s. 35n5 per 100 000 per year) [24] but it is not known whether transmission rates are also lower. Without this information it is not possible to predict whether inclusion of outer London cases would have raised or lowered the estimate of clustering. The study took place over 1 year. It is likely that a higher estimate of the level of clustering would have been obtained if the study had continued for longer [6] .
The ability to examine risk factors for clustering depends on the availability of accurate and complete epidemiological data. This study used isolates from 1993 so that epidemiological information derived from a previous rigorous survey could be included [21] . Use of this data supplemented by additional enquiries and matching to the PHLS HIV and AIDS registers meant that epidemiological data on subjects was highly complete for most variables and was collected without knowledge of typing results, thus helping to avoid information bias.
The finding that clustering is higher in those with pulmonary smear positive tuberculosis is to be expected since it is known that these patients are the most infectious. Higher levels of clustering in pulmonary smear negative cases than in non-pulmonary cases also supports the view that smear negative patients can sometimes act as sources of transmission. This reinforces the study by Behr et al. which shows transmission from pulmonary smear-negative patients [25] .
Lower levels of clustering in the foreign born have been noted in other typing studies [20, 21] . This does not necessarily mean that there is less recent transmission in this group. It could be that they have disease due to recent transmission but that the source case lives abroad and thus is not in the study sample [22] . Also, high incidence rates in the foreign-born mean that even though only a low proportion of cases are due to recent local transmission the population transmission rate may be high. The fact that 42 % of isolates in the UK-born population were clustered suggests that recent local transmission of tuberculosis makes a very substantial contribution to levels of tuberculosis in this group. This may explain the rising tuberculosis rates seen in London in the white ethnic group and in patients of Indian Subcontinent ethnicity who are born in the United Kingdom [2] . Early identification of cases and effective treatment are central to tuberculosis control because they ensure that patients remain infectious for the minimum possible time. High levels of tuberculosis transmission therefore suggest failures in control.
The higher levels of clustering in patients living in south London was not accounted for by controlling for other factors. We were unable to control adequately for social deprivation as information on unemployment or other indicators of social deprivation was incomplete. Inner London areas in south London tend to have higher levels of social deprivation than north London. It could be that this accounts for higher levels of tuberculosis transmission. Social deprivation may be related to transmission through factors such as overcrowding or through poorer access to services. Another possible explanation could be the extent to which services are able to ensure that patients complete treatment. An audit in one area of south London around the time of the study found that at least 19 % of patients were lost to follow up before treatment was completed (personal communication, Dr A. Pearson, Nosocomial Infection Surveillance Unit, Central Public Health Laboratory, London). Patients who are lost to follow up could remain infectious for longer periods and thus act as potent sources of transmission. Data on treatment completion are not routinely collected in most areas of London [1] , so it is uncertain whether these levels of loss to follow up are higher than in other parts of London.
The importance of ensuring that patients adhere to treatment is also emphasized by the fact that the apparent source case in one of the largest clusters was a homeless man who remained smear and culture positive for several months after starting treatment despite having fully sensitive disease (implying inadequate treatment). Patients need adequate support to ensure that they adhere to treatment. It was noticeable that homeless patients were often involved in large clusters. Homeless patients are likely to find adherence more difficult than those with a more settled lifestyle. Direct observation of treatment is likely to be needed to ensure these patients complete treatment.
The results suggest that tuberculosis transmission in patients with HIV infection was not a major problem in inner London at the time of study. In fact we found a weak association between HIV and clustering which was in the opposite direction to what we had expected. However, this did not reach significance at the P l 0n05 level and should be treated with caution, especially in view of the use of multiple significance testing in this study. Increased clustering among HIVinfected tuberculosis patients has been found in some studies [7, 8] but not in others [6, 9] . High levels of clustering in HIV infected patients are likely to reflect problems with nosocomial transmission of disease [10] . We identified two HIV infected patients who may have acquired their disease through nosocomial transmission. Two other outbreaks of multidrug resistant disease in London hospitals, both of which occurred outside the study period, have since been reported [25, 26] , emphasizing the need for adequate hospital infection procedures.
As in San Francisco no association between drug resistance and clustering was found [9] . In New York where rates of drug resistance were much higher there was a marked association which was largely due to hospital transmission [10] . This study does not suggest that hospital transmission was a major driving force in the spread of drug resistant disease in London in 1993, but the recent nosocomial outbreaks of MDRTB described above illustrate how this finding should not lead to complacency [25, 26] .
The fact that definite epidemiological links were only found in 7 % of clustered patients needs to be interpreted in light of the fact that epidemiological investigation was limited to a review of what was recorded in patient records. Nevertheless, the fact that other cluster members were very rarely mentioned in contact tracing notes suggests that unrecognized or casual contact may account for the majority of tuberculosis transmission in inner London. This is probably because each infectious case will have had the opportunity to expose large numbers of patients to a low level of risk through very minor contact but will only have had prolonged contact (associated with a higher level of risk) with relatively few people.
The study demonstrates that recent local transmission makes an important contribution to tuberculosis in inner London. Measures aimed at decreasing transmission (such as ensuring that all patients are diagnosed early and treated effectively) are likely to have an important impact on disease rates. Such measures are likely to be particularly important in groups such as the homeless. Services should routinely monitor treatment completion rates so that action can be taken if they are found to be low.
